Abstract Molybdenum dialkyldithiocarbamates (MoDTCs) are very effective friction modifier additives for use in engine oils and other lubricants. However, as engine oils age during extended drain intervals, MoDTCs can lose some or all of their ability to reduce friction and this is generally believed to result from their oxidative degradation. In this study, MoDTC solutions in base oil have been subjected to oil ageing in a controlled NO x /air flow rate, controlled temperature test apparatus and the effect of ageing on the ability of the MoDTC to reduce friction has been explored. As shown in previous studies, the additive's friction-reducing properties are completely lost after a quite short period of ageing at 160°C. However, it was found that at this temperature the presence of NO x has little if any influence on the rate of friction loss, indicating that the latter is controlled primarily by the rate of reaction of oxygen with the base oil and thus the rate of consumption of MoDTC as a peroxide decomposer. By contrast, when ageing tests are carried out at lower temperatures it is found that NO x has a very strong effect on the rate at which MoDTC loses its ability to reduce friction, so that at 100°C NO x accelerates this rate by two orders of magnitude compared to air alone. This suggests that at low temperatures the rate at which MoDTC is consumed is controlled by its reaction as a radical inhibitor with NO x species.
Background
As engine oil viscosities are progressively lowered in order to reduce hydrodynamic friction, so the use of friction modifier additives to reduce friction in the mixed lubrication regime becomes increasingly important. There are several different classes of friction modifier additives [1] , but one of the most effective is the family of soluble organomolybdenum additives and in particular the molybdenum dialkyldithiocarbamates (MoDTCs). Under optimal conditions these are able to reduce friction coefficient down to values of around 0.04-0.06. MoDTCs reduce friction by reacting with rubbing surfaces to form low-shear strength 2D nanocrystals of MoS 2 . This can occur on both steel surfaces [2] and also on the phosphorus-based films formed by the antiwear additive zinc dialkyldithiophosphate [3] . Since this reaction appears to occur only at the asperity tips where rubbing solid-solid contact occurs, it has a disproportionate effect in reducing boundary friction [2] .
It has been shown that MoDTCs are only effective in reducing friction above a critical temperature and a critical concentration, although the values of both of these thresholds depend on the MoDTC type [4] . For dimeric MoDTCs, a concentration of at least 150 ppm Mo and a bulk temperature of 50°C are generally required to reduce friction [4] , but for trimeric MoDTCs, concentrations of less than 100 ppm are effective [5] . The reason for the temperature threshold of activity is not yet known, but trimers are suggested to be more reactive, and thus work at lower concentrations, because of their molybdenum atoms having the same valence state as that present in their lowfriction product MoS 2 [6] .
The principle limitation of organomolybdenum friction modifier additives in engine oils is generally recognised to be that they can lose of their ability to reduce friction as the oil ages during engine operation. This may occur within the normal drain interval of engine oils and was an important contributor to the inclusion of measurement of fuel efficiency retention within the gasoline engine oil specification ILSAC GF3 in 2000, a requirement that has continued in subsequent engine oil specifications.
The influence of oil ageing on the longevity of MoDTC and thus on its friction-reducing properties was investigated using both engine tests and bench oxidation tests throughout the 1990s. In 1990, Igarashi et al. [7] used a combination of a bench oxidation and a friction test to show that MoDTC lost its ability to reduce friction during oxidative degradation of the lubricant and that this loss was accompanied by a progressive lowering of MoDTC concentration in solution from its original value. Igarashi suggested that the deterioration of friction properties of oils containing MoDTC could be due both to the loss of MoDTC by oxidative degradation and to accumulation of oil oxidation products that block MoS 2 formation on rubbed surfaces.
In 1995, both Arai et al. [8] and Jensen et al. [9] applied bench oxidation tests in which a mixture of air and NO x was bubbled through heated oil to study MoDTC performance. Nitrogen oxides (NO x ) are produced in crankcase engines during high-temperature combustion and are both free radicals and potential oxygen donors. They are thus likely to be implicated in oxidative degradation and so should be present when mimicking the chemical environment around the engine piston zone. Again, the ability of MoDTC to reduce friction was lost during oil oxidation and this correlated with loss of MoDTC from solution. Both studies also showed a good match in terms of oil degradation and friction loss between their bench oxidation tests and engine tests and both concluded that the principle reason for MoDTC's loss of friction-reducing performance was oxidative degradation of the additive in solution.
Graham et al. [10] combined an air/NO x -based oil oxidation test, reverse-phase high-pressure liquid chromatography (HPLC) and HFRR friction measurements to study the influence of oil ageing on MoDTC degradation. They found that the rate of MoDTC loss as measured by HPLC and the oxidation time needed to lose friction-reducing capability both varied depending on the MoDTC structure and purity. However, the two behaviours were always correlated, so that friction-reducing ability was always lost when the MoDTC concentration fell below a critical value.
Several researchers have studied the impact of other additives on MoDTC's loss of friction-reducing ability during ageing. One important interaction of MoDTC is with zinc dialkyldithiophosphate (ZDDP) which is always present in engine oils. Korcek et al. identified a ligand exchange reaction in solution that partially converted ZDDP ? MoDTC to MoDDP ? ZDTC and lowered the initial concentration of MoDTC [11] [12] [13] [14] . However, Graham showed that the addition of ZDDP to MoDTC reduced the rate at which MoDTC was lost during degradation and also delayed the latter's loss of friction-reducing ability [9] . Korcek suggested that since ZDDP was a stronger peroxide decomposer and ZDTC a stronger radical inhibitor than the corresponding Mo compounds the ZDDP acted and was consumed as an antioxidant in preference to MoDTC, thereby extending the latter's useful life [13] . MoDTC then only lost its friction-reducing effectiveness when all the ZDDP was used up. Research also showed that radical inhibitor-type antioxidants and sulphur-containing peroxide decomposer antioxidants could slow the rate at which MoDTC is lost while other engine oil additives and also base oil type could influence durability of the friction-reducing properties of MoDTC [7, 8, 10, 11] .
Few workers have studied the how ageing alters MoDTC at a molecular level, thereby resulting in its loss of friction-reducing ability. Kubo combined gel permeation chromatography (GPC) and mass spectrometry (MS) analysis of MoDTC solutions and identified dialkyldithiocarbamic acid in aged oils, suggesting cleavage of MoDTC at the carbamate S and Mo bond [15] . Recently, based on FTIR, HPLC and MS analysis of degraded oil, Feo et al. [16] have suggested a degradation process involving S/O exchange followed by loss of S from the MoDTC and eventually scission of the dicarbamate from the Mo core.
Some work has also examined the impact of oil ageing on the surface films formed by MoDTC. It was shown using XPS and HRTEM that as the concentration of MoDTC decreases in the lubricant due to oxidative ageing, the MoS 2 sheets are modified, becoming smaller and fewer in number and possibly partially oxidised [17, 18] .
The key conclusion from most of the above work is that MoDTC acts as an antioxidant and is consumed during oil oxidation in this role, so that eventually there is insufficient concentration remaining to form a low-friction film. However, it is not clear how significant is the role of NO x in this process and thus whether MoDTC loss is likely to be specifically a problem in engine oils. Although many studies have used air/NO x mixture and shown in ageing tests that this depletes MoDTC and results in it losing the ability to reduce friction, similar effects have been seen when only air is present during oxidation [7, 18] . This study aims to explore the effect of NO x on the ability of MoDTC to reduce friction.
Methods and Materials
A bench test oil ageing method was developed based on the Ford oil ageing batch reactor test described in [16] and used to investigate MoDTC ageing in [9] . This consists of a multi-necked round-bottomed flask supported in a temperature-controlled magnetic stirrer heating mantle (Fig. 1 ). Air and a blend of 1000 ppm NO x in air are supplied separately from cylinders via a pair of (programmable) flow controllers to enable any NO x composition in air up to 1000 ppm to be obtained. The test conditions used in this study are listed in Table 1 . 5 ml oil samples were withdrawn every 30 min during oil ageing and friction was measured in a high-frequency reciprocating rig (HFRR, PCS Instruments, Acton, UK). All HFRR tests were conducted at 1 mm stroke length, 20 
The test oil was a commercial MoDTC dissolved at 0.3 wt%, corresponding to 135 ppm Mo, in group II base oil. The base oil viscosity was 20.1 mPas at 40°C and 4.09 mPas at 100°C with a viscosity index of 102. A relatively low MoDTC concentration was chosen in order to limit ageing time at the lower test temperatures.
Tests were carried out both with and without a reflux condenser in the exhaust neck to investigate whether retention of water or other low boiling components in the flask was significant. However, no significant differences were observed to result from the presence of this condenser.
Any NO x present in the exhaust products was scavenged by passing the gas through two bottles filled with 10 wt% sodium hydroxide and 3.5 wt% hydrogen peroxide. To confirm that the loss of MoDTC effectiveness is due to the NO x /air flow and not simply thermal degradation, a similar test was carried out at 160°C using a flow of argon gas at the same test temperature. As shown in Fig. 3 , this gave no loss of friction-reducing ability even after 3.5 h ageing. A measurement after 10 h ageing also showed no loss of friction-reducing response. Figure 4 shows the influence of ageing temperature on MoDTC friction-reducing capability for tests in NO x -free air. It can be seen that the useful MoDTC life is strongly dependent on temperature, extending from 0.5 h at 160°C to 2 h at 150°C and 7.5 h at 140°C. For similar tests using 770 ppm NO x in air, the useful life was considerably shorter at 140°C but not at 160°C. To explore the relative importance of NO x versus air on loss of MoDTC effectiveness, test were carried out in which the total flow was always the same (200 cm 2 /min) but with three different NO x concentrations. Figure 5 shows friction results from ageing tests at 160°C. At this temperature, there is little difference between 100 and 770 ppm NO x while the test with no NO x , just 200 cm 3 / min. air flow, appeared to give slightly faster loss of MoDTC's friction-reducing effectiveness. However, as shown in Fig. 6 a much stronger relative influence of NO x was seen at lower ageing temperatures. This figure compares the degradation time (the ageing time by which the friction coefficient falls to half way between the base oil and fresh MoDTC solution friction coefficients) during extended ageing tests for NO x -free air and 770 ppm NO x gas flows at various temperatures. During ageing at 160°C, NO x does not significantly accelerate the loss of MoDTC effectiveness compared to air alone. However, at 100°C NO x reduces the useful life of MoDTC by more than two orders of magnitude compared to ageing in just an air flow. Figure 7 shows how ageing time varies with NO x concentration at the relatively low ageing temperature of 120°C. Unlike at 160°C, at this lower temperature the useful life of the MoDTC is strongly dependent on NO x concentration.
Results

Discussion
For the ageing tests carried out at 160°C, the results found in this study are broadly similar to those found by other researchers, with a rapid loss of the ability of MoDTC to reduce friction during ageing. In this study, the time for this loss was shorter (0.5-1 h) compared to other work, because of the low initial MoDTC concentration. The friction traces are also somewhat different in shape from some previous work, with an initial and rapid drop of friction followed, for the partially aged samples, by a progressive rise. Some other work has seen a much slower initial friction drop followed by a rise with rubbing time.
The most important finding of the current study is that, while the presence of NO x does not significantly accelerate the rate of loss of friction-reducing ability of MoDTC at high temperature compared to air alone, it has a very strong effect at lower temperatures. This probably reflects different responses of MoDTC to oxidation at high and low temperature. Figure 8 shows a schematic diagram of the hydrocarbon oxidation process taken from [19] . After a short induction period in which hydroperoxide is formed, an intermediary radical/peroxide chain reaction cycle consisting of reactions (4), (5), (6) and (7) is established. This can be quenched by two types of antioxidant: radical inhibitors that trap the free radicals and peroxide decomposers that convert peroxide, ROOH, to non-reactive species.
Johnson et al. [11] studied the antioxidant properties of MoDTC at two temperatures. At low temperature (60°C), while MoDTC itself did not trap radicals it appeared to be converted during oxidation into a species with very effective radical inhibitor properties. At high temperature (160°C), MoDTC did not act to trap free radicals but nevertheless possessed some oxidation inhibitor properties, which probably reflects a peroxide decomposing activity. Graham also showed that the addition of hydroperoxide to MoDTC oil followed by storage for 24 h at room temperature resulted in almost complete loss of both MoDTC and its friction-reducing ability, suggesting a peroxide decomposing behaviour [10] .
It thus appears that during oxidative ageing at 160°C the rate of oxidation is controlled primarily by the oxygen in the air, with NO x having little additional effect and MoDTC acting and being consumed predominantly as a peroxide decomposer. Johnson and Korcek have discussed the role of NO x in hydrocarbon oxidation [20] . At low temperatures, the rate of oxidation is much slower, so that in the absence of NO x MoDTC is consumed very slowly. However, NO x components are themselves free radical species, so that now the primary reaction that consumes MoDTC is its radical inhibiting reaction with NO x.
It is interesting to note that most previous studies of benchtop MoDTC ageing have focussed on the relatively high temperature of 160°C. Possibly this was chosen to reflect the level of temperature present in engine ring packs, but the authors were unable to find any discussion of this choice of temperature in the literature. In a recent paper, Plumley et al. [21] have discussed the lubricant temperatures in the piston zone of crankcase engines and their impact on friction. Their study suggests that, while temperatures in the top ring zone may exceed 150°C, they reduce rapidly down the stroke length, so that for most of the stroke length they are below 130°C, especially when the engine does not operate under full load. Some studies have used engines to age MoDTC-containing oils and then studied the friction properties of the aged lubricant [22, 23] . This approach is extremely realistic but subjects the lubricant to a composite and poorly defined range of temperatures.
If the ageing data at three different NO x concentrations and 120°C shown in Fig. 7 are plotted as the reciprocal of degradation time (corresponding to ageing rate) versus NO x ppm, a straight line is obtained, indicating that the rate of MoDTC consumption at low temperatures is proportional to NO x availability. Figure 9 plots the logarithm of the rate of MoDTC friction reduction (simply the reciprocal of the degradation time) against the reciprocal of absolute temperature for ageing in air and NO x /air. These give straight line plots in accord with an Arrhenius rate law with activation energies 140 kJ/mol in air and 30 kJ/mol in 700 ppm NO x .
Conclusions
The influence of oil ageing on the ability of MoDTC to reduce friction in base oil solution has been studied in a controlled NO x /air flow rate, controlled temperature test apparatus. As shown in previous studies, the additive's friction-reducing properties are completely lost after a quite short period of ageing at 160°C. Based on previous work, this is believed to result from loss of MoDTC from solution due its consumption in the role of an oxidation inhibitor. It has been shown that at this temperature the presence of NO x has little if any influence on the rate of friction loss, indicating that it is controlled primarily by the rate of reaction of oxygen with the base oil and thus the rate consumption of MoDTC as a peroxide decomposer.
However, when ageing tests are carried out at lower temperatures it is found that NO x has a very strong effect on the rate at which MoDTC loses its ability to reduce friction, so that at 100°C NO x accelerates this rate by two orders of magnitude compared to air alone. This suggests that at low temperatures the rate at which MoDTC is consumed is controlled by its reaction as a radical inhibitor with NO x species and is likely to be reduced to the use of appropriate inhibitors.
